T he original description of the metabolic syndrome by Reaven 1 consisted of obesity, insulin resistance, hypertension, impaired glucose tolerance or diabetes, hyperinsulinemia and dyslipidemia characterized by elevated triglyceride, and low HDL concentrations. All of the features described above are risk factors for atherosclerosis, and thus, metabolic syndrome constituted a significant risk for coronary heart disease [2] [3] [4] [5] (Table) . The features of obesity/overweight and insulin resistance also provided a significant risk for developing type 2 diabetes. 5, 6 The risks for coronary heart disease and diabetes with metabolic syndrome are greater than those for simple obesity alone, and therefore, an understanding of the pathogenesis and through it, a rational approach to its therapy are of prime importance.
As our understanding of the action of insulin evolves to comprehensively include the recent discoveries, 7 we can better see that insulin resistance is the basis of most if not all of the features of this syndrome. The original conceptualization of this syndrome was on the basis of resistance to the metabolic actions of insulin. Thus, hyperinsulinemia, glucose intolerance, type 2 diabetes, hypertriglyceridemia, and low HDL concentrations could be accounted for by resistance to the actions of insulin on carbohydrate and lipid metabolism. Although the features described above would to some extent explain the atherogenesis, Reaven has maintained that hyperinsulinemia itself contributes to atherogenicity, and thus, insulin is atherogenic, leading to the coronary heart disease and cerebrovascular disease associated with this syndrome.
Obesity probably leads to hypertension through (1) increased vascular tone created by a reduced bioavailability of NO because of increased oxidative stress, 8 (2) increased asymmetric dimethylarginine (ADMA) concentrations, 9 (3) increased sympathetic tone, 10 and (4) increased expression of angiotensinogen by adipose tissue leading to an activation of the renin-angiotensin system. 11 The last of these factors requires further critical investigation.
Metabolic syndrome is characterized by a low HDL in association with an elevated triglyceride concentration. This is believed to be a result of an increased triglyceride load in the HDL particle that is acted on by hepatic lipase, which hydrolyzes the triglyceride. The loss of the triglyceride results in a small HDL particle that is filtered by the kidney, resulting in a decrease in apolipoprotein (apo) A and HDL concentrations. Apart from an increase in the loss of apoA, there are data demonstrating that insulin may promote apoA gene transcription. 12 Therefore, insulin resistance states may be associated with diminished apoA biosynthesis. 13 An increase in plasma free fatty acid (FFA) concentrations plays a key role in the pathogenesis of insulin resistance through specific actions that block insulin signal transduction. An increase in plasma FFA concentrations in normal subjects to levels comparable to those in the obese also results in the induction of oxidative stress, inflammation, and subnormal vascular reactivity, in addition to causing insulin resistance. 14 Because resistance to insulin also results in the relative nonsuppression of adipocyte hormone-sensitive lipase, there is further enhancement of lipolysis and increase in FFA concentration. Thus, there occurs a vicious circle of lipolysis, increased FFA, insulin resistance, and inflammation.
Several new features have been added to the syndrome over time. These include elevated plasminogen activator inhibitor-1 (PAI-1) concentrations and now, elevated C-reactive protein (CRP) concentrations. These features were added on the basis that they were frequently found in association with the metabolic syndrome, and there has hitherto been no rational explanation as to why they actually occur. These features are probably related to both insulin resistance and obesity. The relationship of inflammation to obesity and insulin resistance needs to be explained. 15 
Novel Nonmetabolic Actions of Insulin
These issues are readily explained by the recent observations that insulin is an antiinflammatory hormone and that macronutrient intake is proinflammatory. Insulin has been shown to suppress several proinflammatory transcription factors, such as nuclear factor (NF)-B, Egr-1, and activating protein-1 (AP-1) and the corresponding genes regulated by them, which mediate inflammation. 16, 17 An impairment of the action of insulin because of insulin resistance would thus result in the activation of these proinflammatory transcription factors and an increase in the expression of the corresponding genes.
Insulin has been shown to suppress NF-B binding activity, reactive oxygen species (ROS) generation, and p47 phox expression and to increase IB expression in mononuclear cells (MNCs) as well as to suppress plasma concentrations of intercellular adhesion molecule-1 and monocyte chemotactic protein-1. 16 In addition, insulin suppresses AP-1 and Egr-1, 2 proinflammatory transcription factors and their respective genes, matrix metalloproteinase-9, tissue factor (TF), and PAI-1. [17] [18] [19] Thus, insulin has a comprehensive antiinflammatory effect and in addition has an antioxidant effect, as reflected in the suppression of ROS generation and p47 phox expression ( Figure 1 ). 16, 20 Two further pieces of evidence demonstrating the antiinflammatory action of insulin have emerged recently. First, the treatment of type 2 diabetes with insulin for 2 weeks caused a reduction in CRP and monocyte chemotactic protein-1. 21 Second, the treatment of severe hyperglycemia associated with marked increases in inflammatory mediators with insulin resulted in a rapid marked decrease in the concentration of inflammatory mediators. 22 Most recently, in a rat model in which inflammation was induced with endotoxin, insulin suppressed the concentration of these inflammatory mediators, including interleukin (IL)-1␤, IL-6, macrophage migration inhibition factor (MIF), and tumor necrosis factor (TNF)-␣. 23 Insulin also suppressed the expression of the proinflammatory transcription factor CEBP and cytokines in the liver of these animals. Similar reductions in inflammatory mediators were observed in rats with thermal injury treated with insulin. 24 Finally, insulin has been shown to suppress the increase in cytokine concentration in pigs challenged with endotoxin. 23 Another novel antiapoptotic effect of insulin has recently been described. In experimental acute myocardial infarction 
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in the rat heart, the addition of insulin to the reperfusion fluid leads to a reduction in infarct size by 50%. 25 More recently, a similar cardioprotective effect of insulin has been shown in human acute myocardial infarction when insulin at a low dose was infused with a thrombolytic agent and heparin. 20 Conversely, the insulin-resistant states of obesity and type 2 diabetes have been shown to be associated with larger infarcts than those observed in nondiabetic subjects. Further work is required to establish this feature as an integral component of the metabolic syndrome. It should also be mentioned that insulin administration suppresses atherogenesis in the apoEnull mouse. 26 Conversely, interference with insulin signal transduction, as in the IRS-2-null mouse, results in atherosclerosis. 27 The IRS-1-null mouse also has a tendency toward atherosclerosis. It is relevant that a mutation of IRS-1 (Arginine at 792) leads to abnormal vascular reactivity, a decrease in endothelial nitric oxide synthase (NOS) expression in endothelial cells, and an increased incidence of coronary heart disease. 28 Consistent with the antiinflammatory effects of insulin, insulin sensitizers of the thiazolidinedione class, troglitazone 29, 30 and rosiglitazone, 31 have been shown to exert an antiinflammatory effect in addition to their glucose-lowering effect in patients with diabetes. Troglitazone has been shown to suppress the development of diabetes in patients at high risk of developing this condition. 32 Trials are under way to determine whether rosiglitazone and pioglitazone prevent both type 2 diabetes and atherosclerotic complications. Positive results from those trials would support the concept that inflammatory mechanisms underlie the pathogenesis of both insulin resistance and atherosclerosis. It is of interest in this regard that metformin causes a reduction in the plasma concentrations of MIF in obese subjects. 33 The obese have elevated plasma concentrations of this cytokine and an increase in the expression of this cytokine in MNCs. 33 Although there is evidence that thiazolidinediones exert a direct antiinflammatory effect on macrophages in vitro, it is possible that in vivo, their effect could be through insulin sensitization.
Obesity and Inflammation
The data given above explain why an insulin-resistant state may be proinflammatory (Figure 2 ). They do not, however, explain the origin of insulin resistance itself. Mutations of the genes involved in insulin signal transduction provide one approach to the study of this issue in humans and in mice with specific gene knockouts. Such lesions are of interest, but they are too infrequent to provide us with a basis for the understanding of the pathogenesis of insulin resistance at large in humans. Thus, some of the recent observations on the interference of insulin signal transduction by inflammatory mechanisms are of great interest, because obesity is a proinflammatory state.
Even if we accept that inflammatory mechanisms are involved in the pathogenesis of interference with insulin signal transduction and of insulin resistance itself, how does inflammation arise? Over the past decade, obesity has been associated with inflammation. This association was first proposed in the landmark article by Hotamisligil et al 34 in which TNF-␣ was shown to be constitutively expressed by adipose tissue, to be hyperexpressed in obesity, and to mediate insulin resistance in the major animal models of obesity. This seminal article also demonstrated that the neutralization of TNF-␣ with soluble TNF-␣ receptors resulted in the restoration of insulin sensitivity. Thus, the proinflammatory cytokine TNF-␣ was the mediator of insulin resistance. Although the infusion of soluble TNF-␣ receptors in the human has not reproduced the results observed in mice, 35 the article by Hotamisligil et al laid the foundation of the concept that inflammatory mechanisms may have a role to play in the pathogenesis of insulin resistance. More data have now accumulated to reinforce the concept that obesity is an inflammatory state in the human: plasma concentrations of TNF-␣, IL-6, CRP, MIF, and other inflammatory mediators have been shown to be increased in the obese. 33,36 -40 Adipose tissue has been shown to express most of these proinflammatory mediators. It has also been shown that macrophages residing in the adipose tissue may also be a source of proinflammatory factors and that they also may modulate the secretory activity of adipocytes. 41 Tissue macrophages are derived from monocytes in blood. Recently, the mononuclear cells of the obese, of which monocytes are a fraction, have also been shown to be in an inflammatory state, expressing increased amounts of proinflammatory cytokines and related factors. 42 In addition, these cells have been shown to have a significantly increased binding of NF-B, the key proinflammatory transcription factor, and an increase in the intranuclear expression of p65 (Rel A), the major protein component of NF-B. These cells also express diminished amounts of IB␤, the inhibitor of NF-B. Clearly, therefore, evidence of inflammation exist in various cells and in plasma in obesity.
In addition to TNF-␣ and IL-6, the major adipocyte cytokines, 2 other important proteins, leptin and adiponectin, need mention. Although leptin is known for its function as a satiety signal that inhibits feeding, it has additional roles as a regulator of sexual function and as an immune modulator. It is proinflammatory and platelet proaggregatory. [43] [44] [45] Thus, its elevated concentrations may contribute to the proinflammatory state of obesity and to atherogenesis in the long term. Conversely, adiponectin, secreted in abundance by adipocytes in normal subjects, is antiinflammatory and potentially antiatherogenic. In contrast to leptin, its concentration falls with weight gain and in obesity. 46, 47 It has been suggested that a low adiponectin may be a marker for atherosclerosis and coronary heart disease. 48 
Insulin Resistance: An Inflammatory Hypothesis
Then, what is it in the inflammatory state that results in the causation of insulin resistance? The first of these potential mechanisms was described by Hotamisligil et al. 49 They demonstrated that TNF-␣ induced serine phosphorylation of IRS-1, which in turn caused the serine phosphorylation of the insulin receptor. This prevented the normal tyrosine phosphorylation of the insulin receptor and thus interfered with insulin signal transduction. IL-6 and TNF-␣ have recently been shown to induce SOCS-3, 50,51 a protein that was hitherto thought to interfere with cytokine signal transduction but that is now also known to interfere with tyrosine phosphorylation of the insulin receptor and IRS-1 and to cause ubiquitination and proteosomal degradation of IRS-1. 52 This, in turn, reduces the activation of Akt (protein kinase B), which normally causes the translocation of the insulin-responsive glucose transporter, Glut-4, to the plasma membrane. It also induces the phosphorylation of the enzyme NOS and its activation to generate NO. 53 A newly described protein, TRB3, has also been shown to interfere with the activation of Akt and thus to interfere with the action of insulin 54 ; however, the association of TRB3 with inflammatory mechanisms has not hitherto been demonstrated.
There are recent data that Akt2, a key protein involved in insulin signal transduction, which mediates the phosphorylation and activation of endothelial NOS and NO secretion, also prevents the mobilization of Rac-1 to the cell membrane, thus preventing superoxide generation. Superoxide generation is dependent on the translocation of essential elements of NADPH oxidase, such as p47 phox , from the cytosol to the membrane. This is mediated by Rac. 55 In the absence of Akt2, therefore, there will be an increase in the translocation of Rac-1 to the membrane, greater formation of NADPH oxidase complex, and increased superoxide generation and oxidative stress. It has been shown that Akt-2-null mice develop insulin resistance and mild hyperglycemia in association with hyperinsulinemia. 56
Macronutrients and the Origin of Inflammation
If, indeed, obesity is a proinflammatory state and inflammatory mechanisms interfere with insulin signal transduction, what is the origin of this proinflammatory state? The answer to this question comes primarily from recent observations demonstrating that macronutrient intake may induce oxidative stress and inflammatory responses. Thus, a 75-g glucose challenge has been shown to induce an increase in superoxide generation by leukocytes by 140% over the basal levels in addition to increasing p47 phox expression, a subunit of NADPH oxidase, the enzyme that converts molecular O 2 to superoxide radical. 57 Equicaloric amounts of cream (fat) intake result in similar amounts of oxidative stress. 58 Glucose intake also results in comprehensive inflammation, as reflected in an increase in intranuclear NF-B binding, a decrease in IB expression, and an increase in IKK␣ and IKK␤, the 2 kinases that phosphorylate IB␣ and IB␤ and result in their ubiquitination and proteosomal degradation. 59 Glucose intake also causes an increase in 2 other proinflammatory transcription factors: AP-1 and Egr-1. 60 AP-1 regulates the transcription of matrix metalloproteinases, whereas Egr-1 modulates the transcription of TF and PAI-1. Thus, glucose intake increases the expression of matrix metalloproteinases 2 and 9 as well as that of TF and PAI-1.
A mixed meal from a fast food chain was also shown to induce the activation of NF-B, a reduction in IB␣, and an increase in IKK␣ and IKK␤ along with an increase in superoxide radical generation by MNCs. 61 It is also of interest that the intravenous infusion of triglyceride with heparin in normal subjects with an elevation of FFA concentration to a level comparable to that found in the obese results in an inflammatory response. 14 All genes that are stimulated by acute nutritional intake have also been shown to be activated in the basal state of obese subjects such that the concentrations of these gene products are elevated in the obese. Consistent with this, a reduction in macronutrient intake in the obese (1000 kcal/d for 4 weeks) has been shown to reduce both oxidative stress and inflammatory mediators. 8 Similarly, a 48-hour fast has been shown to reduce ROS generation by more than 50% in normal subjects; the expression of p47 phox was also reduced. 62 Clearly, macronutrient intake is a major regulator of oxidative stress. It is relevant that the superoxide radical generated during oxidative stress is an activator of at least 2 major proinflammatory transcription factors, NF-B and AP-1. NF-B regulates the transcriptional activity of at least 125 genes, most of which are proinflammatory. [63] [64] [65] [66] Thus, it is not surprising that obesity is a proinflammatory condition. Indeed, the MNC in the obese is in a proinflammatory state, expressing an excess of a series of proinflammatory genes in addition to having increased NF-B binding and p65 expression and decreased IB␤ protein. 42 In addition to obesity and increased macronutrient intake, there may also be genetic and other environmental factors that may induce the activation of inflammatory mechanisms and the induction of oxidative stress. These genetic and other environmental factors may be relevant in those ethnic groups in whom metabolic syndrome has been shown to occur in the absence of obesity. In these groups, migration to western countries such as the United States and the United Kingdom results in increased adiposity with a sedentary lifestyle, which results in the phenotype of the metabolic syndrome, against an appropriate genetic background.
When considering macronutrient-induced inflammation, it can be argued that the foods that are being consumed now were being consumed always; so why is their proinflammatory effect suddenly becoming relevant? The reason is that the amounts of food that are being consumed are far greater than before; furthermore, larger portions of the average diet consist of fast foods and do not contain sufficient fiber, fruit, and vegetables. This combination results in the inability of the endogenously secreted insulin in response to the meal intake to suppress the inflammation generated by the meal. It is of interest in this regard that a 900-kcal American Heart Association step 2 diet-based meal rich in fruit and fiber does not cause significant oxidative stress or inflammation, in contrast to the effect of an isocaloric fast food meal. 67 The increase in superoxide radical generation also results in diminished bioavailability of NO, because NO binds to superoxide radical to form peroxynitrate. 68 In addition to the fact that Akt is inhibited because of insulin resistance, and thus NOS is also inhibited, the reduction in NO bioavailability can result in a marked reduction in NO action. Furthermore, TNF-␣ suppresses the expression of NOS. These factors result in abnormalities in endothelium-mediated vasodilatation and vascular reactivity. 69 Interestingly, the abnormalities in vascular reactivity in the obese insulin-resistant population can be reproduced acutely by a 900-kcal fast food meal, just as the proinflammatory changes in obesity can be reproduced by a similar meal. 61 It is noteworthy that in obesity, the plasma concentrations of ADMA are elevated and that it inhibits NOS activity, thus reducing the synthesis and secretion of NO. 70 It is of interest that rosiglitazone suppresses plasma ADMA concentrations while improving the impaired vascular reactivity in the obese and type 2 diabetes. 71 Although the initial work on macronutrient intake with glucose, cream, and a fast food meal shows a proinflammatory effect associated with oxidative stress, data are now emerging to demonstrate that some macronutrients may be "safe" and noninflammatory. Thus, a 900-calorie breakfast rich in fruit and fiber does not cause oxidative stress or inflammation. The intake of vitamin E before glucose challenge also suppresses oxidative stress and inflammation. Similarly, alcohol and orange juice given in equicaloric amounts do not cause oxidative stress or inflammation. Because orange juice is rich in flavonoids and vitamin C, it is possible that the presence of macronutrients in food may alter or suppress oxidative stress or inflammation. Furthermore, there are data to show that vitamin E administration to patients with insulin resistance reduces cytokine production by MNCs. 72
Conclusion: Metabolic Syndrome:
Inflammation Hypothesis
In conclusion, the proinflammatory state of obesity and metabolic syndrome originates with excessive caloric intake and is probably a result of overnutrition in a majority of patients in the United States. The proinflammatory state induces insulin resistance, leading to clinical and biochemical manifestations of the metabolic syndrome. This resistance to insulin action promotes inflammation further through an increase in FFA concentration and interference with the antiinflammatory effect of insulin. Although these factors may be the most important factor in a majority of patients with metabolic syndrome, it is possible that other factors, such as genetic factors, may also contribute to the inflammatory stress in metabolic syndrome (Figure 3 ). These factors may be important in ethnic groups like Asian Indians, who may have increased amounts of upper abdominal fat despite a normal body mass index. 73 Because excessive nutritional intake probably accounts for the inflammation at least in obesity-associated metabolic syndrome, the most rational way to suppress such inflammation is through caloric restriction. The other lifestyle change that affects inflammation is exercise. Exercise results in a fall in the indices of inflammation, such as plasma CRP concentration. 74 The mechanism underlying this effect of exercise is not known; however, it is noteworthy that lifestyle change is a very effective way to reduce the rate of development of diabetes in a prediabetic population, as shown by the diabetes prevention study. 75, 76 Both a reduction in macronutrient intake and exercise cause a reduction in inflammation.
